Introduction Hypersensitivity reactions (HSRs) are among the known adverse events of intravenous (i.v.) iron products. Of these, particularly severe HSRs such as anaphylaxis are of great clinical concern due to their life-threatening potential. Methods This was a retrospective pharmacoepidemiological study with a case-population design evaluating the number of reported severe HSRs following administration of the two i.v. iron products-ferric carboxymaltose and iron (III) isomaltoside 1000-in relation to exposure in European countries from January 2014 to December 2017. Exposure to both products was estimated using IQVIA MIDAS sales data in European countries. Information on spontaneously reported severe HSRs was obtained from and analysed separately for the two established safety surveillance databases EudraVigilance and VigiBase™ using the MedDRA ® Preferred Terms anaphylactic reaction, anaphylactic shock, anaphylactoid reaction and anaphylactoid shock associated with administration of either product. Results Between 2014 and 2017, the reporting rate of severe HSRs per 100,000 defined daily doses (100 mg dose equivalents of iron) varied from 0.3 to 0.5 for ferric carboxymaltose and from 2.4 to 5.0 for iron (III) isomaltoside 1000. The reporting rate ratio for iron (III) isomaltoside 1000 versus ferric carboxymaltose was between 5.6 (95% CI 3.5-9.0) and 16.2 (95% CI 9.4-27.8).
Introduction
Globally, anaemia affects 2.36 billion individuals (approximately 34% of the global population), making anaemia one of the most common medical impairments in the world [1] . Prevalence is highest in preschool-age children (47.4%) and lowest in men (12.7%). The population most affected are women, and there is a particularly high prevalence among pregnant women (41.8%) [2] . The most common cause of anaemia is iron deficiency, which accounts for up to 50% of anaemia cases [3] . Iron-deficiency anaemia (IDA) is one of the five leading causes of years lived with disability (YLDs) in the world [4] . IDA can be caused by a variety of conditions, such as insufficient iron absorption, inadequate dietary iron, blood loss or an increased physiological requirement for iron. Adequate supplementation of iron counteracts these adverse conditions. Intravenous (i.v.) iron rather than oral formulations is usually indicated in patients with intolerance for or poor response to oral iron treatment due to gastrointestinal side effects resulting in lack of efficacy, pre-existing diseases with systemic inflammation, ongoing bleeding or non-adherence [5] .
Anaemia is twice as prevalent among US patients with chronic kidney disease (CKD) compared with the general population (15.4% vs. 7.6%) [6] . Anaemia develops during the course of the disease and worsens as the underlying CKD progresses [7] . Traditionally, most i.v. administrations of iron were given in CKD populations as they require optimal management of iron homeostasis [8] [9] [10] . However, based on the experience with i.v. iron use in dialysis patients, the newer iron preparations, which are generally better tolerated and easier to use than the older preparations, are also widely used in other populations, including patients with inflammatory bowel disease (IBD), heavy menstrual bleeding, oncological disorders and heart failure.
Although administration of i.v. iron is generally considered safe, iron infusions can cause hypersensitivity reactions (HSRs) [11, 12] . As these reactions may range from mild to fatal, HSRs are of great clinical concern, especially anaphylaxis [13, 14] . Anaphylaxis is the umbrella term for an acute reaction defined as follows: a severe, lifethreatening generalized or systemic hypersensitivity reaction. The diagnosis should be based on clinical symptoms independent of the pathomechanisms involved, and should distinguish between allergic anaphylaxis and non-immune anaphylaxis (previously classified as anaphylactoid reaction) [15] .
In 2013, all i.v. iron medicinal products registered in the European Union were evaluated by the European Medicines Agency (EMA) as part of a referral procedure, wherein the risk of serious HSRs with the use of these products was investigated [11] . The conclusion was that the overall benefit/risk ratio for i.v. iron products on the European Market is positive, but no distinction was made between the individual substance classes (iron sucrose, iron dextran, iron gluconate, ferric carboxymaltose, iron (III) isomaltoside 1000). As an outcome of this referral, all labels were harmonized in all relevant sections dealing with the risk of HSRs, and it was added to the labels of all products that i.v. irons are subject to additional monitoring. The market authorization holders for i.v. iron products were requested to conduct a post-authorization safety study (PASS) to further evaluate the safety concerns related to severe HSRs. The results of this PASS are expected in 2020 [16] .
As severe hypersensitivity events are rare, large sample sizes are needed to investigate differences. In 2011, Bailie and colleagues used information from the WHO global database of individual case safety reports (ICSRs), the world's largest database of this kind, to evaluate differences in spontaneously reported severe HSRs between different i.v. preparations in Europe and North America in the period from January 2003 to June 2009 [17] . A total number of 192 anaphylaxis events were identified and the rates of anaphylaxis were 6-to 11-fold higher for iron dextran (8-to 30-fold for low molecular weight iron dextran) than for non-dextran i.v. irons. This study did not include information on ferric carboxymaltose or iron (III) isomaltoside 1000 because only substances that were on either market for more than 2 years were included. In Europe, ferric carboxymaltose received its first market authorization approval in June 2007, and iron (III) isomaltoside 1000 in December 2009; in the USA ferric carboxymaltose was approved in July 2013, and iron (III) isomaltoside 1000 is not yet on the US market. A later study based on a sample size of 688,183 patients using Medicare claims data in the USA indicated differences in the risk for hypersensitivity and related severe adverse events (AE) for i.v. iron products on the US market at that time [18] . They found that the risk for anaphylaxis at first exposure to an i.v. iron was 68 per 100,000 persons for iron dextran and 24 per 100,000 persons for all non-dextran i.v. iron products combined. This study was conducted over the period January 2003 to December 2013 and did not include ferric carboxymaltose and iron (III) isomaltoside 1000 for the above-mentioned reasons [18] .
Therefore, we conducted a pharmacoepidemiological database analysis that aimed to assess the number of reported severe HSRs following administration of the two high-dose, fast-infusion i.v. iron products, ferric carboxymaltose and iron (III) isomaltoside 1000, in relation to their exposure in European countries, using information from safety databases of the EMA and the WHO (EudraVigilance and VigiBase™, respectively).
Methods
This was a retrospective pharmacoepidemiological study with a case-population design [19] . The 4-year study period ranged from 1 January 2014 to 31 December 2017, which is the most recent period after the conclusion of and actions taken after the EMA referral on i.v. iron-containing medicinal products (presented in September 2013) [11] .
Exposure to ferric carboxymaltose or iron (III) isomaltoside 1000 was estimated using sales data for these products in European countries collected via the IQVIA MIDAS platform (Table 1) . For the majority of countries, sales are captured for both hospital as well as retail settings. The coverage varies by country and setting. Both substances are mainly used as high-dose formulations; however, for both substances low-dose formulations exist. As the safety surveillance database reports cannot distinguish between low-and high-dose use, the respective low-dose formulations are included in the analysis. For our analysis we assume that sales data accurately reflect the usage and exposure to each substance (i.e. inventory levels do not vary across the 4-year period as stocks in hospitals are usually kept low). Accuracy of sales data is validated regularly in a number of studies each year and a global precision index was published with a value of 94.6% in 2016 [20] . Sales data were available for 25 countries of the European Economic Area (EEA) plus Switzerland (Table 1 ). Sales were normalized to 100 mg dose equivalents (DEq; 100 mg DEq of iron = 1 defined daily dose, DDD) of iron, which serves as a proxy variable for the number of administrations, as the most commonly given dose per treatment is 10 DDDs. This is in accordance with the previously published method of standardization [21] .
Information on the number of spontaneously reported severe HSRs in the countries of the EEA plus Switzerland were obtained from two established safety surveillance databases-EudraVigilance [22] and VigiBase™ [23] . EudraVigilance is a centralized European database of suspected adverse reactions to medicines that are authorized or being studied in clinical trials in the EEA. Patientspecific data are only available for age and gender, and information on co-morbidities cannot be retrieved. VigiBase™ is the WHO global database of individual case safety reports (ICSRs) run by the Uppsala Monitoring Center. Reports are submitted by member countries of the WHO Programme for International Drug Monitoring, and since November 2017 it also includes EudraVigilance data reported directly to WHO. In addition, stakeholders have reporting obligations for both sources, therefore most reports can be found in both sources. In order to provide a comprehensive overview, both data sources were considered in the analysis. For this study, spontaneously reported severe HSRs were identified in both databases by using the MedDRA ® Preferred Terms (PTs) anaphylactic reaction, anaphylactic shock, anaphylactoid reaction and anaphylactoid shock associated with an administration of ferric carboxymaltose or iron (III) isomaltoside 1000.
The EudraVigilance EEA-based data do not include information from Switzerland, and only ferric carboxymaltose but not iron (III) isomaltoside 1000 is on the Swiss market. Therefore, in order to make event reports from the databases comparable and to avoid bias in favour of ferric carboxymaltose with regard to sales and reported HSRs, event reports for Switzerland were directly provided by Vifor Pharma, the manufacturer of ferric carboxymaltose. Numbers of event reports from Vifor Pharma are presented separately to provide transparency on the figures available from Eudravigilance for EEA and from Vifor Pharma for Switzerland (see Table 2 ). For VigiBase™, the data included in the analysis comprise the EEA and Switzerland. 
Reporting Rates Calculation
We conducted a descriptive analysis to evaluate reported rates of severe HSRs (i.e. anaphylactic reaction, anaphylactic shock, anaphylactoid reaction and anaphylactoid shock) in the period from 2014 to 2017 in European countries. We analysed case reports from EudraVigilance and VigiBase™ separately. Data were aggregated over all countries. As mentioned above, estimated exposure to the two substances was calculated using sales data from the IQVIA MIDAS platform. Reporting rates by substance were calculated by dividing reported severe HSRs by exposure (100,000 DDDs) in the EEA plus Switzerland. Reporting rate ratios were determined by comparing the reporting rates of both products. Homogeneity across years was tested with the Breslow-Day test. A common estimate of the reporting rate ratio was determined using the Cochran-Mantel-Haenszel method.
Statistical analysis was carried out using SAS ® software V9.3 (SAS Institute, Cary, NC, USA) on Windows™-based computer platforms.
Results

Exposure to Ferric Carboxymaltose and Iron (III) Isomaltoside 1000 Based on Sales Data
In the EEA, annual total exposure to ferric carboxymaltose steadily increased from 6.4 million DDDs in 2014 to approximately 12.4 million DDDs in 2017. Annual total exposure to iron (III) isomaltoside 1000 for the same period and region increased from 0.6 million DDDs to 1.4 million DDDs (Fig. 1) . In total, more than 80% of overall exposure to ferric carboxymaltose was recorded in Germany, Switzerland, France, 
Characteristics of Patients with Reported Severe Hypersensitivity Reactions in EudraVigilance
In EudraVigilance, data on age group and gender are available for most patients with a severe HSR. For ferric carboxymaltose, almost 90% (N = 67 of 75) of reported severe HSR events occurred in female patients, and for iron (III) isomaltoside 1000 approximately two-thirds (N = 88 of 136, 64.7%) of the reported severe HSRs occurred in female patients. The majority of patients with reported severe HSRs in EudraVigilance were below 64 years of age (ferric carboxymaltose: N = 54 of 63; 85.7%; iron (III) isomaltoside 1000: N = 93 of 130; 71.5%).
About half of the reports (N = 112; 52.6%) included information on dosing. Of these, the 45 patients receiving ferric carboxymaltose received a median dosage of 1000 mg (Q25-Q75: 500-1000 mg) and for 67 patients receiving iron (III) isomaltoside 1000, a median dose of 1000 mg (Q25-Q75: 500-1000 mg) was given.
Reporting Rates for Severe Hypersensitivity Reactions
Between 2014 and 2017, the number of reported severe HSRs per 100,000 DDDs ('reporting rate') varied from 0. Between 2014 and 2017, the reporting rate ratio of severe HSRs associated with iron (III) isomaltoside 1000 versus ferric carboxymaltose ranged from 6.4 (95% CI 3.9-10.5) to 14.8 (95% CI 9.1-24.0) based on EudraVigilance data and from 5.6 (95% CI 3.5-9.0) to 16.2 (95% CI 9.4-27.8) based on VigiBase™ data (see Table 3 ).
For EudraVigilance, Breslow-Day was found not to be significant (p = 0.0965), indicating no significant heterogeneity in the reporting rate between the years. The year-adjusted reporting rate for iron (III) isomaltoside 1000 was 10.7 times the reporting rate of ferric carboxymaltose between 2014 and 2017 (95% CI 8.4-13.7) (see Table 3 ).
For VigiBase™, there was significant heterogeneity (p = 0.0297) of the reporting rate among the years. However the value shows the same trend as the value for EudraVigilance data (see Table 3 ).
Discussion
Severe hypersensitivity reactions to i.v. iron products occur infrequently but can have serious adverse outcomes for patients. There are several i.v. iron formulations available in Europe, and therefore it is important to understand both the frequency and the severity of hypersensitivity-mediated reactions to support clinical decision making when using these products. In the absence of head-to-head comparative clinical trial data, real-world data are an established source to provide insights on the safety profile of drugs in clinical practice.
In this pharmacoepidemiological study, data from two established safety databases-VigiBase™ and EudraVigilance-complemented with data for Switzerland from Vifor Pharma, were used to evaluate the reported rate of severe HSRs (i.e. anaphylactic/anaphylactoid reactions and shocks) associated with ferric carboxymaltose and iron (III) isomaltoside 1000 in relation to the overall exposure of these iron products in European countries from 2014 to 2017.
Overall, the number of reported severe HSRs associated with these iron-containing products is in the same dimension in both databases, but the exposure to ferric carboxymaltose is considerably higher in European countries than to iron (III) isomaltoside 1000. Of note, EudraVigilance and VigiBase™ are not completely independent sources of information, thus similar results do not reflect a reproduction of results in two different data sources, but the use of both substantiates the comprehensiveness of information captured. For both products, ferric carboxymaltose and iron (III) isomaltoside 1000, most severe HSRs were reported for female patients. This reflects the higher usage of i.v. iron in females as prevalence of anaemia is higher in women than in men [2] . Taking the exposure of both products into account and acknowledging that dosage was comparable for both products, the results suggest that iron (III) isomaltoside 1000 is associated with a considerably higher reporting rate per 100,000 DDDs for severe HSRs than ferric carboxymaltose.
Reporting of AEs does not necessarily reflect the occurrence of events in clinical practice, and therefore the presented results do not allow a conclusion to be drawn about the absolute and relative risk for severe HSRs associated with ferric carboxymaltose and iron (III) isomaltoside 1000. Although AE reporting can be used to estimate the relative rates of events with individual products, head-to-head data remain the gold standard because they capture exposure and outcome in a standardized manner and circumvent effects of differential prescribing and reporting. So far, no comparative safety study on severe HSRs associated with ferric carboxymaltose and iron (III) isomaltoside 1000 has been published. However, differences in the safety profile of these ironcontaining products have been observed both in a systemic review of clinical trials [24] and in a retrospective analysis of clinical data [25] . The recently published systematic network meta-analysis based on five randomised, controlled trials has compared the tolerability of different i.v. iron formulations for the treatment of IDA in patients with inflammatory bowel disease, and found differences in the safety characteristics of iron formulations. Pooled data from 1,746 patients revealed AE rates of 12.0%, 15.3%, 12.0% and 17.0% for ferric carboxymaltose, iron sucrose, iron dextran and iron isomaltoside 1000, respectively [24] . Differences in the safety profile between ferric carboxymaltose and iron (III) isomaltoside 1000 are also supported by results of a 2017 retrospective single-centre study in an unselected outpatient population of 231 patients. This study describes the occurrence of HSRs and hypophosphataemia after administration of ferric carboxymaltose and iron (III) isomaltoside 1000. The results showed a lower risk for mild HSRs and a higher risk for hypophosphataemia for patients treated with ferric carboxymaltose compared to patients treated with iron (III) isomaltoside 1000 [25] . A single-centre cohort study was recently published with similar results. The crude risk for a hypersensitivity reaction was 75% lower after ferric carboxymaltose treatment when compared to treatment with iron (III) isomaltoside 1000 (RR = 0.248, 95% CI 0.145-0.426, p < 0.0001) [27] .
The results of this pharmacoepidemiological study analysing spontaneous reports have known limitations. In general, for spontaneously reported AE data from safety databases the following points need to be taken into account: use of different preferred MedDRA ® terms for AEs, changes in AEs coding over time, inconsistent descriptions of AEs by clinicians, no confirmation of event term or causal relationship for AEs reported by patients, and different reports in national and international surveillance databases. As these general issues apply for both substances, the impact on a comparison of both substances is considered to be negligible. Beyond this, AE reporting rates depend on many aspects of medical practice. Under-reporting of adverse events to spontaneous reporting systems is well known [27] . However, our analysis is focused on severe events where underreporting is less likely.
An investigation of time trends in reporting of adverse drug reactions (ADRs) indicates that physicians know the main ADRs after the first years of use and tend to report only serious ADRs [28] . The reporting of AEs may also be higher directly after launch compared to when products are well established on the market or may be influenced by a public discussion on safety concerns. In order to overcome this limitation, the 4-year period from 2014 to 2017 after the referral for iron-containing products in 2013 was chosen [11] . In this period both products had already been on the European market for several years, ferric carboxymaltose since June 2007 and iron (III) isomaltoside 1000 since December 2009. This period also allows changes in reporting rates to be captured directly after a referral when higher rates are expected than in the subsequent years. Furthermore, levels of AE reporting may also vary in different healthcare systems.
In this database analysis all available data on severe HSRs captured by the MedDRA ® Preferred Terms anaphylactic/ anaphylactoid reaction and shock in the EEA countries plus Switzerland were considered. For the majority of countries, both products are available for treatment of iron deficiency. However, in nine out of the 27 European countries only one product (either ferric carboxymaltose in France, Czech Republic, Belgium, Hungary, Italy, Portugal and Switzerland or iron (III) isomaltoside 1000 in Estonia and Latvia) is on the market. Therefore, an impact of differential marketing on the level of the reporting rate cannot be ruled out, but is considered to be minor.
With respect to the estimated exposure based on sales data, the following considerations should also be addressed. The MIDAS database does not capture all sales data such as direct sales to clinics and private offices within each country. In some countries, not all distribution channels (hospital/ retail) are captured in the MIDAS database. For example, hospital data are not available for Estonia, Greece and Latvia. Although exposure in some European countries may be underestimated, which could lead to an overestimation of the rate of severe HSRs with respect to exposure, this does apply for both iron products. For the majority of the major markets for each product both channels are in fact covered in the sales data, therefore the impact on the results can be neglected.
Among the limitations of comparative studies sourced from pharmacovigilance data are the challenges related to confounding. As in this study controlling for confounding could not be done, the direct comparison providing a reporting rate ratio does not give definitive insight on differences between the safety profile of both iron products. While we could not control for confounding in this study, the magnitude of difference in frequency of reported severe HSRs offers reassurance in the results of this study.
Despite the limitations of basing this analysis on AE reports and using sales data as a proxy for exposure, a notable difference in the reporting rate for the two i.v. iron preparations was found. One reason that might add to the difference between the two products is that reporting tends to be less frequent for more widely used products. However, this potential difference in safety characteristics is in line with other published results. This raises the question whether this is related to inherent differences in the substances themselves.
Both compounds contain a core of iron-hydroxide encased in a carbohydrate shell or complex that serves to stabilize the core and regulate the speed of iron release. It has been observed that core size and carbohydrate chemistry influence pharmacological and biological differences between iron formulations [29] . The unique composition of iron-carbohydrate complexes impacts their stability, size, shape and surface charge. The metabolic pathway of those complexes is determined by the carbohydrate shells, resulting in potential changes in pharmacokinetics and pharmacodynamics, further leading to a potential interaction with the innate immune system [30] . Intravenous iron formulations differ in terms of the size of the core, their composition and density of the surrounding carbohydrate shell resulting in potential variations regarding efficacy and tolerability [31] [32] [33] . They can be classified as non-dextranderived and dextran-derived complexes depending on their carbohydrate shell. In non-dextran-derived complexes, such as ferric carboxymaltose, a higher molecular weight leads to a more stable complex and lower labile iron release [29, 34] . In dextran-derived complexes, however, there is no correlation between complex stability and molecular weight [29, 34, 35] . As intravenous dextran was known to cause severe anaphylaxis, new intravenous iron preparations were developed consisting of dextran-free carbohydrate shells [36, 37] . Although newer intravenous iron formulations such as ferric carboxymaltose and iron (III) isomaltoside 1000 are considered to be much safer than earlier generations of iron products [14] , it may be that the molecular structure, carbohydrate complexes of i.v. iron-containing products as well as the dextran heritage of iron (III) isomaltoside 1000 [38] impacts immunogenicity, resulting in differing occurrences of hypersensitivity reactions.
Conclusion
The findings of this pharmacoepidemiological study suggest that iron (III) isomaltoside 1000 is associated with a higher reporting rate of severe HSRs related to estimated exposure than ferric carboxymaltose in European countries. Future research investigating the occurrence of severe HSRs associated with these i.v. iron products is needed to broaden the evidence for benefit-risk assessment.
